The effects of annexin 5 on the lateral diffusion of single molecule lipids and single molecule proteins were studied in a lipid bilayer membrane. Single β-BODIPY HPC and ryanodine receptor type 2 (RyR2) labeled with Cy5 molecules were monitored by fluorescence microscopy. The diffusion coefficient was calculated in the presence and absence of annexin 5. The diffusion coefficients of β-BODIPY HPC and RyR2 were 11 × 10 −8 cm 2 /s and 2.7 × 10 −8 cm 2 /s in the absence of annexin 5, respectively. The diffusion coefficients of β-BODIPY HPC and RyR2 in the presence of 1 µM annexin 5 were 2.4 × 10 −10 cm 2 /s and 2.6 × 10 −10 cm 2 /s, respectively. Overall, 1 µM annexin 5 decreases the lateral diffusion coefficient 100-500 fold. Regarding RyR2, annexin 5 has little effect on function and can be used to immobilize RyR2 in a lipid bilayer system.
I. INTRODUCTION
Recent developments in optical microscopy have enabled us to directly observe single fluorescent molecules. In particular, the single-molecule imaging technique has been used to study a variety of biological molecules as reviewed by Weiss [1] . These techniques also apply to ion channel proteins. Single ion channel current recordings have been performed using the patch-clamp technique or lipid bilayer system. However, imaging of single channel proteins in lipid bilayers is far less established than the technique for single-channel current recordings. Studying single channel proteins, our group has simultaneously observed ions passing trough channels using a horizontal bilayer membrane formed on a thin agarose layer [2, 3] and simultaneously recorded the single channel's current. Others have also observed ion movement and single channel current recordings [4, 5] . However no group has yet reported the structural properties of ion channels by correlating the electrical current and the intermolecular signal. The major obstacle to achieving these observations has been the inability to immobilize the channel proteins. In artificial lipid bilayers, channel proteins can move freely. Because the microscopic field is smaller than the lipid bilayer, channel proteins sometimes move out of the microscopic field. Although the size of lipid bilayer can be shrunk by reducing the hole size at the bottom chamber, the fluorescence of a single molecule disappears due to the florescence generated from the edge of the hole. For this reason the size of lipid bilayer has to be bigger than the * This paper was presented at International Symposium on Molecule-Based Information Transmission and Reception -Application of Membrane Protein Biofuction-(MB-ITR2005), Okazaki, Japan, 3-7 March, 2005 . † Corresponding author: ide@phys1.med.osaka-u.ac.jp size of the microscopic field, making it difficult to perform long term observations until now.
In 2004, Peng et al. reported that annexin 12 decreases the diffusion of single cardiac ryanodine receptors [6] . By observing the center of the calcium flux of RyR2 at various annexin 12 concentrations, they found that 2 µM annexin 12 decreases the diffusion of the lipid bilayer 700 fold compared to that in the absence of annexin 12. We took annexin 5, which is commercially available, and examined whether annexin 5 changes the diffusion coefficient of the lipid bilayer by observing single molecules directly.
Annexins constitute a large family of structurally related proteins, which have the common characteristic of strongly binding to anionic phospholipids in a calcium- dependent manner [7] [8] [9] . The crystal structure of annexin 5 was solved and refined to 2.0Å [10] . However, there is to date no study that observes single lipid molecules in a lipid bilayer directly under the influence of annexin 5. In this paper, we report the direct observation of single lipids and channel molecules by annexin 5 in a modified lipid bilayer.
II. MATERIALS AND METHODS

A. Reagents
Phosphatidylethanolamine (PE), Phosphatidylserine (PS) and Phosphatidylcholine (PC) were purchased from Sigma-Aldrich (USA), β-BODIPY 530/550 HPC from Molecular Probes (USA), n-decane from Wako (Japan), monoclonal anti-ryanodine receptor antibody (antiRyR2) raised in a mouse against a canine cardiac ryanodine receptor (RyR2) from Affinity Bioreagents (USA), and Cy5-monofunctional reactive dye from Amersham Pharmacia Biotech (Sweden). All of the other chemicals were commercial products of an analytical grade.
B. Purification of cardiac ryanodine receptor (RyR2)
The purified canine cardiac RyR2 was prepared according to the method of Anderson et al. [11] , and the reconstitution was performed according to the method of Lee et al. [12] .
C. Fluorescence labeling with the Cy5-conjugated antibody
RyR2 antibody was conjugated to Cy5-monofunctional reactive dye following the appended instructions. Free Cy5 was removed using a NAP-10 gel-filtration column (Amersham Pharmacia Biotech, Sweden). After conjugation with Cy5, antiRyR2 was reacted with purified RyR2 for 2 hours at 4
• C. In order to remove unreacted antibodies, the labeled sample was washed twice with 5 volumes of the washing buffer following centrifugation in a HITACHI RP65 rotor at 55,000 rpm for 1 hour. After centrifugation, the sample was quickly frozen and stored at −80
• C.
D. Microscopy
The optical system was been previously described in detail [2, 3] . Figure 2 shows a schematic overview of the lipid bilayer formation apparatus. This apparatus consists of two chambers. Lipid bilayers were formed in a small hole (about 100 µm diameter) at the bottom of the upper chamber. The surface of the bilayers touched the agarosecoated cover glass at the bottom of the lower chamber. An oil immersion objective lens (PlanApo, 100×, 1.4 NA, OLYMPUS, Japan) was located just below the lower chamber. Bilayers were epi-illuminated by green and red lasers (microgreen SLM laser, Uniphase, USA, He-Ne Red laser, Melles Griot, USA). Images were recorded using an ICCD camera, an image intensifier (VS4-1845, Video Scope, USA) and an electron bombarded CCD camera (C7190-20, Hamamatsu Photonics, Japan), and stored on digital videotape. Video sequences were imported and analyzed by a personal computer using image analysis software. Images were acquired every 33 ms.
E. Measurement conditions
Lipids contained phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylcholine (PC) at a 5:3:2 ratio (50 mg/ml phospholipids in n-decane). 0.05% β-BODIPY HPC (Molecular Probes, USA) was mixed with the lipid. The bilayer was formed by placing lipids at the hole of the upper chamber. Purified RyR2 with Cy5-conjugated antiRyR2 was added to the upper chamber. After forming the bilayer, 1 µM annexin 5 was added to the lower chamber. Measurements were performed more than 30 minutes after the addition of annexin 5. The upper chamber solution contained 250 mM KCl, 20 mM Pipes pH 7, 0.1 mM CaCl 2 and 0.1 mM EGTA and the lower chamber solution contained 250 mM KCl, 20 mM Pipes pH 7, 1 mM CaCl 2 and 0.1 mM EGTA. β-BODIPY HPC and Cy5 were exited with green (534 nm) and red (633 nm) lasers, respectively. Transbilayer currents were recorded and analyzed using a system comprised of an Axopatch 1B patch clamp amplifier, a Digidata 1200 interface, a PC computer and pClamp 9 software.
F. Data analysis
The mean square displacement (< r 2 >) averaged over a trajectory at each time interval (∆t) was calculated from the trajectory of a particle. The diffusion constant, D, was calculated from the slope of the ∆t− < r 2 > plot by least-squares fitting. Figure 3 shows SDS-PAGE and western blot of purified RyR2. The fractionated samples after the sucrose gradient were run on a 2-15% gradient gel and silver stained. Numbers of column fractions are shown in the upper side of Fig. 3A . Arrows indicate bands of RyR2. We took fraction No. 14 (blue rectangle) and then reconstituted the following western blot. Fig. 3B is the result of the western blot against RyR2 antibody. The presence of only one band in Fig. 3B indicates RyR2 antibody does not bind to the lower bands shown in the No. 14 fraction. This means that the fluorescence of antiRyR2-Cy5 indicates the presence of RyR2. 
III. RESULTS
A. RyR2 purification
C. Influence of annexin 5 on RyR2 properties
The ability of annexin 5 to limit RyR2 diffusion could make it a useful tool for optical analyses of the function of RyR2 channels reconstituted in lipid bilayers. However, such use requires that RyR2 channel properties are not altered. Figure 5 shows the trace of RyR2 in the absence and presence of 1 µM annexin 5, respectively. These figures indicate that annexin 5 does not so much change the electrophysiological properties of RyR2. Although extensive studies are needed to determine the influence of annexin 5, preliminary observation suggests that annexin 5 does not exert marked effects on RyR2 gating and activation.
IV. DISCUSSION
By using an optical lipid bilayer system, we could observe single lipids and RyR2 molecules directly. The average value of the diffusion coefficients of µ-BODIPY HPC in the absence of annexin 5 was 11 ± 6.7 × 10 −8 cm 2 /s (n=7). This value agreed well with the value for a single lipid moving freely in a membrane [2, 3] . The average value of the diffusion coefficients of RyR2 labeled in the absence and in the presence of 1 µM of annexin 5 were 2.7 ± 2.1 × 10 −8 cm 2 /s (n=9) and 2.6 ± 2.0 × 10 −10 cm 2 /s (n=8), respectively. These values are in the same order as the value of the bilayer experiment performed by using single RyR2 [5] . Bright spots in the presence of annexin 5 appeared nearly immobile in the microscopic field. Therefore annexin 5 may be an effective way to immobilize a channel protein in a lipid bilayer.
The most remarkable feature of annexins, including annexin 5, is the ability to associate with biological membranes and lipid bilayers through Ca 2+ dependent binding to anionic phospholipids, such as PS [7] . Recently structural studies have led to various models to explain how annexins bind to a lipid bilayer [14] [15] [16] . These include annexin 5 burying itself in the monolayer of the membrane; forming transmembrane structure accessible to both sides of the bilayer; binding to the head of the lipid. In our study, stopped spots and rapidly moving spots of β-BODIPY HPC are simultaneously observed in
